The volume of biological database records is growing rapidly, populated by complex records 50 drawn from heterogeneous sources. A specific challenge is duplication, that is, the presence of 51 redundancy (records with high similarity) or inconsistency (dissimilar records that correspond to 52 the same entity). The characteristics (which records are duplicates), impact (why duplicates are 53 significant), and solutions (how to address duplication), are not well understood. Studies on the 54 topic are neither recent nor comprehensive. In addition, other data quality issues, such as 55 inconsistencies and inaccuracies, are also of concern in the context of biological databases. A 56 primary focus of this paper is to present and consolidate the opinions of over 20 experts and 57 practitioners on the topic of duplication in biological sequence databases. The results reveal that 58 survey participants believe that duplicate records are diverse; that the negative impacts of 59 duplicates are severe, while positive impacts depend on correct identification of duplicates; and 60 that duplicate detection methods need to be more precise, scalable, and robust. A secondary 61 focus is to consider other quality issues. We observe that biocuration is the key mechanism used 62 3 to ensure the quality of this data, and explore the issues through a case study of curation in 63 UniProtKB/Swiss-Prot as well as an interview with an experienced biocurator. While biocuration 64 is a vital solution for handling of data quality issues, a broader community effort is needed to 65 provide adequate support for thorough biocuration in the face of widespread quality concerns. 66 67 68 69 The major biological databases represent an extraordinary collective volume of work. Diligently 70 built up over decades and comprised of many millions of contributions from the biomedical 71 research community, biological databases provide worldwide access to a massive number of 72 records (also known as entries) [1]. Starting from individual laboratories, genomes are 73 sequenced, assembled, annotated, and ultimately submitted to primary nucleotide databases such 74 as GenBank [2], ENA [3], and DDBJ [4] (collectively known as INSDC). Translations of those 75 nucleotide records, protein records, are deposited into central protein databases such as the 76 UniProt KnowledgeBase (UniProtKB) [5] and the Protein Data Bank [6]. Sequence records are 77 further accumulated into different databases for more specialised purposes: RFam [7] and PFam 78 [8] for RNA and protein families respectively, such as DictyBase [9] and PomBase [10] for 79 model organisms, ArrayExpress [11] and GEO [12] for gene expression profiles. These 80 databases are selected as examples; the list is not intended to be exhaustive. However, they are 81 representative of biological databases that have been named in the "golden set" of the 24th 82 Nucleic Acids Research database issue. The introduction of that issue highlights the databases 83 that "consistently served as authoritative, comprehensive, and convenient data resources widely 84 used by the entire community and offer some lessons on what makes a successful database" [13].
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shows the pipeline; we explain the three stages of the pipeline using the databases Duplication occurs in all of these stages, but its relevance varies. Continuing with the UniProt 152 example, the first stage primarily concerns entity duplicates (often referred to as true duplicates): 153 records that correspond to the same biological entities regardless of whether there are differences 154 in the content of the database records. Merging those records into a single entry is the first step in 155 7 UniProtKB/Swiss-Prot manual curation [28] . The second stage primarily concerns near-identical 156 duplicates (often referred to as redundant records): the records may not refer to the same 157 entities, but nevertheless have high similarity. UniProt has found those records lead to 158 uninformative BLAST search results (http://www.uniprot.org/help/proteome_redundancy). The 159 third stage primarily concerns study-dependent duplicates: studies may further de-duplicate sets 160 of records for their own purposes. For instance, studies on secondary protein structure prediction 161 may further remove protein sequences at a 75% sequence similarity threshold [32] . This clearly 162 shows that the notion of duplication varies and in general has two characteristics: redundancy 163 and inconsistency. Thus it is critical to understand their characteristics, impacts, and solutions. 164 We have found numerous discussions of duplicates in the previous literature. As early as in 165 1996, Korning et al. [33] observed duplicates from the GenBank Arabidopsis thaliana dataset 166 when curating those records. The duplicates were of two main types: the same genes that were 167 submitted twice (either by the same or different submitters), and different genes from the same 168 gene family that were similar enough that only one was retained. Similar cases were also 169 reported by different groups [21, [34] [35] [36] . Recently, the most significant case was the duplication 170 in UniProtKB/TrEMBL [15]: in 2016, UniProt removed 46.9 million records corresponding to 171 duplicate proteomes (for example, over 5.9 million of these records belong to 1,692 strains of 172 Mycobacterium tuberculosis). They identified duplicate proteome records based on three criteria: 173 belonging to the same organisms; sequence identity of over 90%; and the proteome ranks 174 designed by biocurators (such as whether they are Reference proteome and the annotation level).
175
As this history shows, investigation of duplication has persisted for at least 20 years.
176
Considering the type of duplicates, as the above discussion illustrates, duplication appears to be 177 richer and more diverse than was originally described (we again note the definition of 178 'duplication' we are following in this paper, which includes the concept of redundancy). This The above views are inconsistent, are opinions rather than conclusions drawn from studies, and [41]. This shows that while duplication is a primary data quality issue, other quality issues are 205 also of concern. Collectively, there are five primary data quality issues: duplication, selected by personal approach at conferences and in a small number of cases by email; most of 234 the practitioners were not known to the originating authors (Chen, Verspoor, Zobel) before this 235 study.
236
A limitation is that the small participant size may mean that we have collected unrepresentative 237 opinions. However, the community of biocuration is small and the experience represented by We asked practitioners whether, and how, duplicates should be resolved.
249
In detail, the questions and their possible responses were as follows: Respondents were asked to comment on their choices. We also requested examples to support 257 the choice of options 4 or 5, given that in our review of the literature we observed that the first 258 three options were prevalent [70, 71]. Option 1 refers to exact duplicates, option 2 refers to 259 (highly) similar or redundant records or to some quantitative extent, records share X% similarity, 260 option 3 refers to partial or incomplete records, and option 4 refers to entity duplicates that are 261 inconsistent. The "Other types" option provides capture of remaining types of duplicates.
262
Quantifying the impacts of duplication (The 'Why' question). We asked in two steps: first, 263 whether respondents believed that duplicates have impact. The second question was presented 264 only if the answer to the first was yes. It is used to comment on positive and negative impacts 265 respectively. We also asked respondents to explain their opinion or give examples. 266 Addressing duplication (The 'How' question). We offered three subquestions: (1) 273 In this section, we present the survey results on duplication and other quality issues. The results show (1) all types of duplicates have been observed by some of practitioners, but 284 none is universal. The commonest type is similar record, which was selected by over half of the 285 respondents; but the other types (exact duplicates, partial records, and low similarity duplicates) 286 were also selected by at least a third of the respondents. Three of them considered other 287 duplicate types, and (2) more than 80% of respondents indicated that they have observed at least 288 two types.
Practitioner viewpoints: summary

289
Also recall that existing literature rarely covers the fourth type of duplication -that is, 290 relatively different records that should in fact be considered as duplicates. However, close to 291 40% of respondents acknowledge having seen such cases and further point out that identifying 292 them requires significant manual effort. The following summarises several cases (each identified 293 by respondent ID, tabulated at the end of this paper).
294
Low similarity duplicates within a single database. Representative comments are "We have 295 such records in ClinVar [64]. We receive independent submissions from groups that define 296 variants with great precision, and groups that define the same variant in the same paper, but recycling the same piece of information, this statement (or statistical measure), is incorrect."
326
[R20] (Note that it has been previously observed that cascading errors may arise due to this type 
347
In contrast, practitioners also pointed out two primary positive impacts: (1) identified 348 duplicates enrich the information about an entity; for example, "When you try to look sequence 349 homology across species, it is good to keep duplicates as it allows to build orthologous trees."
350
[R10] and "When they are isoforms of each other -so while they are for the same entity, they Beyond duplication: other data quality issues 400 We also extend the investigation to general quality issues other than duplication, to complement 401 the key insights. We asked the respondents for their opinions on general data quality issues. The shows the quality issues can be widespread; for example, each data quality issue has been 406 observed by at least 80% of the respondents. It is worth noting that while we have carefully phrased the questions in the survey, it may still be 410 the case that different respondents may have different internal definitions of duplicates in mind 411 when responding. For example, some respondents may only consider records with minor 412 differences as redundant records whereas others may also include records with larger differences, 413 even though they selected the same option. We acknowledge that this diversity of interpretation 414 is inevitable -data is multifaceted; hence so is data quality and the associated perspectives on it.
415
The internal definitions of duplicate records depend on more specific context and there is indeed Biocuration: a solution to data quality issues in biological databases 442 In this section, we introduce solutions to data quality issues in biological databases. Biocuration 443 is a general term that refers to addressing data quality issues in biological databases. We provide In this study, we explored the perspectives of both database managers and database users on the 522 issue of data duplication -one of several significant data quality issues. We also extended the 523 investigation to other data quality issues to complement this primary focus. Our survey of 524 individual practitioners showed that duplication in biological databases is of concern: its 525 characteristics are diverse and complex, its impacts cover almost all stages of database creation 526 and analysis, and methods for managing the problem of duplication, either manual or automatic, The responses relating to general data quality further show that data quality issues go well 535 beyond duplication. As can be inferred from the survey we conducted, curation -dedicated 536 efforts to ensure that biological databases represent accurate and up-to-date scientific knowledge 537 -is an effective tool for addressing quality issues. We provide a concrete case study on the 538 UniProtKB/Swiss-Prot curation pipeline as a sample solution to quality issues. However, manual 539 curation alone is not sufficient to resolve all data quality problems due to rapidly growing data 540 volumes in a context of limited resources. A broader community effort is required to manage 541 data quality and to provide support to facilitate data quality and curation. How to address duplication? The X-axis represents the options to address duplication; the Y-axis 806 represents the corresponding number of participants selected that option. 
